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Abstract
We propose and study a scalar extension of the Standard Model which respects a Z3 symmetry remnant of the
spontaneous breaking of a global U(1)DM symmetry. The model has a dark matter candidate whose relic density is
determined by three classes of processes: the usual self-annihilation, semi-annihilation and purely dark matter 3 → 2
processes. The latter has been subject of recent interest leading to the so-called ‘Strongly Interacting Massive Particle’
(SIMP) scenario. We show under which conditions the model can lead to a concrete realization of such scenario
and study the possibility that the dark matter self-interactions could address the small scale structure problems. In
particular, we ﬁnd that in order for the SIMP scenario to work, the dark matter mass must be in the range of 100 MeV,
with the global symmetry energy breaking scale in the TeV range.
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1. Introduction
We know from several observational tests at diﬀer-
ent scales that Dark Matter (DM) must exist. There are
many models containing particles that are suitable can-
didates for DM, such as supersymmetric (SUSY) exten-
sions of the SM with a discrete R-parity symmetry that
makes the lightest supersymmetric particle stable. How-
ever, at this point there is no evidence for this class of
models from searches conducted at the Large Hadron
Collider (LHC) and the simplest SUSY models are un-
der stress due to naturalness issues (see, e.g. [1]).
Another class of BSM scenarios with a DM candidate
consists in extending the SM with an augmented scalar
sector furnished with a discrete symmetry ensuring the
stability of the DM particle. If the extra scalars are pos-
tulated to be SM singlets, they can interact with SM
matter only through their couplings to the Higgs dou-
blet, the so-called Higgs portal scenarios. This class of
models may lead to invisible Higgs decays, allows for
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strongly self-interacting DM [2, 3] and may also allevi-
ate the vacuum stability issue of the SM [4].
The simplest model in this class is the SM with an
extra real scalar ﬁeld respecting a discrete Z2 symmetry
[5, 6, 7]. Constraints on this scenario have been recently
updated [8]. In fact, requiring the model to respect the
observed DM abundance, direct detection bounds and
the limits on the invisible Higgs width severely con-
strains the parameters, placing the extra scalar mass in
the range between 53 and 63 GeV (see also [9]).
Another possibility is to consider scalar DM models
with a Z3 symmetry. One particular feature of these
models is that they allow for semi-annihilation pro-
cesses [10, 11, 12, 13], where the annihilation of two
DM particles can give rise to only one DM particle in
the ﬁnal state, as for example XX → X¯Ψ, where X and
Ψ stand for a DM and a non-DM particle respectively.
In addition, they allow for other interesting number-
changing processes involving only DM particles, such
as XXX → XX¯. These inelastic processes can be rele-
vant for the chemical equilibrium and freeze-out of DM
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particles and their eﬀect must be included in the Boltz-
mann equation controlling the DM density. Remark-
ably, Z3 models can also address problems related to
the formation of structure at small scales in the Uni-
verse such as the ‘core versus cusp’ (see, e.g., [14])
and ‘too big to fail’ [15] problems because they may
exhibit sizable DM self-interactions. In this case, the
DM in this type of scenarios has been dubbed Strongly
Interacting Massive Particle (SIMP) [16]. Z3 models
have been recently studied, assuming that this symme-
try is either just a global symmetry as in [17] or that it is
a remnant of a local U(1)DM symmetry spontaneously
broken to Z3 [18].
In this work we explore an intermediate situation,
where a global U(1)DM symmetry is spontaneously bro-
ken to a discrete Z3 symmetry. Due to this, in addition
to a natural DM candidate there is a Goldstone boson
(GB) in the physical spectrum. In our study, we include
the novel processes mentioned above in the determina-
tion of the DM relic abundance and consider the role
of GB in its production. In doing so we take into ac-
count bounds from the measured Higgs properties, DM
direct detection as well as measurements of the eﬀec-
tive number of neutrino species before recombination.
In addition, we ﬁnd under which conditions our model
can be a concrete implementation of the SIMP scenario.
Details of the model and several constraints and re-
sults can be found in our recent preprint [19]. Here it
will suﬃce to mention that the potential of the model af-
ter the global symmetry breaking is manifestly invariant
under the remnant Z3 ⊂ U(1)DM that acts non-trivially
only on the complex scalar ﬁeld X in the following way:
X → e 2π3 iX. It is precisely because of this reason that
the particle associated to X can not decay and is thus
identiﬁed with the DM.
We are interested in seeking regions in parameter
space where the 3 → 2 processes are dominant with
respect to self- and semi-annihilation, while respecting
the constraints from the eﬀective number of neutrinos,
LEP and LHC constraints on scalars, DM direct detec-
tion, perturbative unitarity and structure formation. In
particular, bounds from the Bullet Cluster favor very
light dark matter, in the few hundreds of MeV range.
2. Main results
For illustration, Fig. 1 shows the evolution of the co-
moving number densities of the DM as a function of x ≡
mX/T obtained by solving the Boltzmann equation for
the diﬀerent thermal production modes considered sep-
arately: self-annihilation (red), semi-annihilation (blue)
and the 3 → 2 process (orange). We take mX = 1 GeV
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Figure 1: Freeze-out of the DM particles for the diﬀerent thermal
production modes, for self-annihilation, semi-annihilation and the
3 → 2 process, giving rise to the measured relic abundance. The
equilibrium density is also depicted. A DM mass mX = 1 GeV was
assumed.
with constant 〈σv〉sel f , 〈σv〉semi and 〈σv2〉3→2 chosen so
that the ﬁnal abundance equals the measured one. The
corresponding equilibrium density is also depicted in
black. As shown in the ﬁgure, although the 3 → 2
process freezes out at larger x compared to the self-
and semi-annihilations, the former reaches its ﬁnal DM
abundance much faster.
We ﬁnd the conditions on the parameters of the model
under which the 3 → 2 processes are dominant. The in-
teraction of the DM with the Goldstone boson from the
global symmetry breaking is important in order to keep
the kinetic equilibrium between these two species. We
solve the Boltzmann equation in the freeze-out approx-
imation.
It is interesting that the variables that control DM
self-interactions also determine the 3 → 2 process in
our model, and both phenomena have a common ori-
gin. Fig. 2 illustrates this by showing the regions of
the parameter space where the relic abundance is gen-
erated via the 3 → 2 mechanism and where the self-
interaction cross-section simultaneously fulﬁlls the as-
trophysical hints from small scale structures. In addi-
tion, we show the areas disfavored by the Bullet Cluster
(i.e. and all this has been done under the assumption
that perturbative unitarity is valid. The ﬁgure conclu-
sively shows that the DM mass is bounded both from
above and below
7 MeV  mX  115 MeV , (1)
which is in agreement with the ﬁndings of [16].
Remarkably, we ﬁnd that our model can simulta-
neously provide a concrete implementation where the
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Figure 2: Self-interacting dark matter and the 3 → 2 mechanism.
Parameter space giving rise to the measured DM relic abundance,
preferred by the astrophysical observations of small scale structures
anomalies and satisfying perturbative unitarity. We show three bench-
mark points that were studied in detail in [19].
3 → 2 processes are the dominant contribution to the
DM relic abundance and help with the small scale prob-
lems in structure formation, with a dark matter particle
mass in the range of tens to a hundred MeV.
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